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Identification of a Signaling Network in Lateral
Nucleus of Amygdala Important for Inhibiting
Memory Specifically Related to Learned Fear
tal animals is the amygdala, a well-defined subcortical
nuclear group (Davis and Whalen, 2001; LeDoux, 2000).
The memory of learned fear can be assessed quantita-
tively using a Pavlovian fear-conditioning paradigm
(Fanselow and LeDoux, 1999; Kapp et al., 1992). During
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CS with a set of defensive behavioral responses, which2 National Institutes of Health
includes freezing, increased heart rate, and startle. TheNational Institute of Neurological Disorders and
CS can be unimodal, involving only a single cue or mod-Stroke
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tone—reaches the lateral nucleus by way of two neural115 Mill Street
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(Romanski and LeDoux, 1992). One pathway, the direct
thalamo-amygdala pathway, originates in the medial ge-
niculate nucleus (MGm) and in the posterior intralaminar
Summary nucleus (PIN) of the thalamus. The second pathway, the
indirect cortico-amygdala pathway, extends from the
We identified the Grp gene, encoding gastrin-releasing auditory thalamus to the auditory cortex (TE3 area) and
peptide, as being highly expressed both in the lateral includes a further projection that relays the processed
nucleus of the amygdala, the nucleus where associa- auditory information from the cortex to the lateral amyg-
tions for Pavlovian learned fear are formed, and in the dala. After these two inputs are processed in the lateral
regions that convey fearful auditory information to the nucleus, the signal is distributed to other amygdaloid
lateral nucleus. Moreover, we found that GRP receptor nuclei (Pitkanen et al., 1997), including the central nu-
(GRPR) is expressed in GABAergic interneurons of the cleus of the amygdala (CeA), which projects in turn to
lateral nucleus. GRP excites these interneurons and areas in the brainstem that control autonomic (heart
increases their inhibition of principal neurons. GRPR- rate) and somatic motor centers (freezing) involved in
deficient mice showed decreased inhibition of princi- the expression of fear.
pal neurons by the interneurons, enhanced long-term Anatomical tracing and lesion studies first demon-
potentiation (LTP), and greater and more persistent strated the importance of the lateral nucleus for fear
long-term fear memory. By contrast, these mice per- conditioning. Subsequent physiological experiments
formed normally in hippocampus-dependent Morris showed that learning produces prolonged synaptic
modification in both of the inputs to the lateral nucleus:maze. These experiments provide genetic evidence
the thalamo-amygdala pathway (McKernan and Shin-that GRP and its neural circuitry operate as a negative
nick-Gallagher, 1997; Rogan et al., 1997) and the cortico-feedback regulating fear and establish a causal rela-
amygdala pathway (Tsvetkov et al., 2002). These synap-tionship between Grpr gene expression, LTP, and
tic modifications, which accompany behavioral learnedamygdala-dependent memory for fear.
fear, are mechanistically similar to LTP induced artifi-
cially by electrical stimulation in tissue slices of the
Introduction amygdala. By providing a direct causal link between
slice LTP and memory storage, these studies establish
Fear is a basic, evolutionally conserved, emotion, which the amygdala as perhaps the simplest and the best
triggers a set of defensive mechanisms for adapting to model system in the mammalian brain for analyzing the
threatening events that is essential for survival. A key cellular and molecular mechanisms of memory storage.
component of the neural circuitry of fear—both innate and In contrast to the detailed cellular physiological infor-
learned—in humans and in simpler vertebrate experimen- mation that is becoming available, the molecular ma-
chinery that underlies synaptic plasticity in amygdala-
dependent learned fear is largely unknown. Toward this5 Correspondence: erk5@columbia.edu
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end, we have combined molecular biology, mouse ge- scope and later by hybridizing its cDNA library with dif-
ferent neuronal and glial markers (data not shown) andnetics, physiology, and behavior to analyze amygdala-
based learned fear. We first identified two genes highly by subsequent characterization of the sequences com-
prising this cDNA library. This cDNA library (that con-enriched in the lateral nucleus of the amygdala: the gas-
trin-related peptide (GRP) and oncoprotein 18 (Op18)/ tained the Grp and Op18/Stathmin sequences) was
positive for neurofilament-L (NF-L, neuronal marker) andStathmin. We focused on GRP because it is presumably
released as a cotransmitter with glutamate in pyramidal it was negative for glial fibrilary acidic protein (GFAP,
glial marker) and glutamic acid decarboxilase (GAD,cells of the lateral nucleus and its receptor (GRPR) has
been pinpointed by Monaco and his colleagues as a interneuronal marker). In addition, we isolated from this
library a cDNA that corresponds to the zinc trans-candidate in autism (Ishikawa-Brush et al., 1997). Our
data suggests that, when released by activity, GRP acts porter-3 (ZnT-3) gene, a specific marker for zinc-con-
taining subgroup of glutamatergic neurons, highly en-on and excites inhibitory interneurons by activating
GRPR on their cell surface. Activation of GRPR in these riched in the limbic system and the lateral nucleus of
the amygdala (reviewed in Frederickson et al., 2000).interneurons in turn leads to an increase in the level of
tonic GABAergic inhibition in the principal neurons.
Using amygdala slices from GRPR knockout mice, we GRP Is Expressed in the Lateral Nucleus
next found that the tonic inhibition is markedly reduced of the Amygdala and in the Regions Sending
and that LTP is enhanced. Consistent with this finding, Synaptic Projections to the Lateral Nucleus
these mice have enhanced and prolonged long-term Using in situ hybridization, we next found that the Grp
memory for fear to both auditory and contextual cues, gene is highly enriched in the lateral nucleus of the
suggesting that the GRP signaling pathway serves as amygdala (Figure 2A), and more specifically, in its dorsal
an inhibitory feedback constraint on learned fear. and medial subnuclei. In addition, we observed strong
expression in the medial, ventral, and dorsal subdivi-
sions of the medial geniculate body (MGm, MGv, andResults
MGd), the posterior intralaminar nucleus (PIN) of the
auditory thalamus, the TE3 subregion of the auditoryIsolation of Genes Specifically Expressed
cortex, and the perirhinal cortex (PRh, Figure 2B). All ofin the Lateral Nucleus of the Amygdala
these regions are afferently connected with the lateralAs an initial step in characterizing the molecular mecha-
nucleus of the amygdala and provide auditory inputs tonisms involved in learned fear, we searched for genes
the lateral nucleus of the amygdala during fear learningenriched in the amygdala and, in particular, in the lateral
(Pitkanen et al., 1997) suggesting that this peptide isnucleus (Figure 1A). To this end, we focused on pyrami-
involved in auditory cued fear conditioning. For exam-dal projection neurons because these cells form the
ple, MGm and PIN directly project auditory informationmajority of the constituent neurons in the cortex-like
to the lateral nucleus of the amygdala and to TE3. Areanuclei of the amygdala to which the lateral nucleus be-
TE3 of the cortex in turn projects to the lateral nucleuslongs and they transmit the CS and US information dur-
of the amygdala (LeDoux, 2000). The ventral subiculuming fear learning. We isolated neurons using acute disso-
(VS), another structure where the Grp is localized, alsociation, which preserves their processes and allows cell
provides a strong input to the medial division of theidentification based on neuronal morphology under the
lateral nucleus of the amygdala as well as to BLA and AB.microscope (Yu and Shinnick-Gallagher, 1997). Simi-
PRh is reciprocally connected with the lateral nucleus oflarly, pyramidal neurons were isolated from the anterior
the amygdala and is capable of sending either cued ordorsal CA1 subregion of the hippocampus, which was
contextual signals. GRP is also expressed in the ventralchosen for the comparison during cDNA library screen-
dentate gyrus. However, a connection between the lat-ing because this region may be less involved in learned
eral nucleus of the amygdala or AB and the dentatefear as opposed to the ventral hippocampus (Bast et
gyrus is not well documented.al., 2001). We first used two rounds of representation
difference analysis (RDA) to enrich the lateral nucleus
cDNA probe against the CA1 cDNA sequences. After GRPR Is Expressed in Inhibitory Interneurons
GRP is a peptide neurotransmitter that is selectivelydifferential screening of cDNA library derived from single
pyramidal amygdala neuron with probes from the lateral recognized by a seven transmembrane domain receptor
(GRPR) coupled to Gq-protein (Hellmich et al., 1999).nucleus and the CA1 region, we analyzed candidate
clones for gene expression pattern using RNA in situ Having shown that GRP is expressed by principal cells
in the lateral nucleus of the amygdala, we were curioushybridization. We found two genes, Grp and Oncopro-
tein 18 (Op18)/Stathmin expressed in the lateral nucleus to know what types of cells express GRPR. To identify
the neurons within the lateral nucleus of the amygdalaof the amygdala that had low or no expression in the
CA1 region of the hippocampus (Figures 1B and 2A). that express GRPR, we performed colocalization stud-
ies using dual fluorescent in situ hybridization for GrprInterestingly, these two genes are also expressed in the
accessory basal nucleus (AB) of the amygdala, but are RNA and immunohistochemistry with antibodies against
interneuron-specific marker, glutamic acid decarboxyl-absent in the basal lateral nucleus (BLA) that is located
between the lateral nucleus of the amygdala and AB. ase (GAD67 form, Figure 3A). We found that the Grpr
RNA was expressed selectively in inhibitory GABAergicBoth the Grp and Op18/Stathmin sequences origi-
nated from the screening of the same cell, which we interneurons. However, GRPR was present only in a
subpopulation of GAD-positive interneurons, which sug-identified as glutamatergic pyramidal neuron based on
its shape during acute dissociation under the micro- gests that the lateral nucleus of the amygdala contains
Amygdala-Enriched Genes in LTP and Learned Fear
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Figure 1. Strategy for Isolating Amygdala-Enriched Genes
(A) Scheme of the differential screening of single cell cDNA libraries from amygdala neurons (with a representative neuron after acute
dissociation of the rat amygdala).
(B) Op18/Stathmin RNA in situ hybridization on a coronal section of mouse brain. Insets show strong expression in the lateral nucleus of the
amygdala and weak expression in the hippocampus.
various groups of interneurons subserving different GRP Appears to Excite GABAergic Inhibitory
Interneurons in the Lateral Nucleus of the Amygdalafunctions.
Physiological, tract-tracing, and immunocytochemi- that Functionally Express GRPR
To test whether activation of the GRP receptors on thecal studies have shown that afferent signals converging
onto the lateral nucleus of the amygdala are regulated GABAergic interneurons in the lateral nucleus of the
amygdala by the release of GRP from principal cells canlocally in the dorsolateral division by inhibitory interneu-
rons (Woodson et al., 2000). The afferent glutamatergic change the level of tonic inhibition in the principal cell,
we carried out whole-cell recordings from visually identi-projections to the amygdala synapse on both principal
cells and GABAergic inhibitory interneurons (Mahanty fied pyramidal neurons in mice. We identified pyramidal
neurons based on their appearance and their ability toand Sah, 1998). The inhibitory interneurons in turn send
feedback inhibitory projections to pyramidal neurons. demonstrate spike frequency adaptation to the prolonged
depolarizing current injection (Tsvetkov et al., 2002).These feedback and feedforward GABAergic inputs are
thought to determine how the excitatory inputs to the We recorded spontaneous inhibitory postsynaptic
currents (sIPSCs) in the pyramidal neurons havingprincipal cells involved in fear learning are processed
and conveyed along neural pathways in the amygdala blocked the AMPA (-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptor-mediated responses(Wang et al., 2001). The observed pattern of the Grp
and Grpr genes expression (see Figures 2 and 3) sug- (Figure 4) with CNQX (6-cyano-7-nitroquinoxaline-2,3-
dione, 20 M). To increase the inhibitory signals, wegested to us that GRPR exerts a functional role in modu-
lating the balance between excitation and inhibition in inverted the inhibitory currents so that they had an in-
ward direction by dialyzing the postsynaptic cells withthe local neuronal networks related to learned fear.
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Figure 2. The Grp Gene Is Specifically Expressed in the Lateral Nucleus/AB of the Amygdala and in the Cued and Contextual CS Pathways
to the Amygdala
(A) In situ hybridization of the Grp gene in the lateral nucleus of the amygdala and AB with sense (left) and antisense (right) RNA probes.
(B1) Mouse brain showing the location of coronal sections C1 and C2.
(B2) Major areas that send auditory and contextual information to the amygdala obtained from tract-tracing studies.
(C1–2) RNA in situ hybridization shows expression of the Grp gene in the areas shown in B2 diagram.
a chloride-based intrapipette solution. Consistent with increase in frequency of GABA sIPSCs was likely due
to excitation of the interneurons by GRP leading to anthe notion that the sIPSCs are mediated by the GABAA
receptors, these currents were completely blocked (Fig- increase in the firing of action potentials in GABAergic
interneurons. We further supported this by blocking theures 4A3 and 4B2) by -aminobutyric acid-A (GABAA)
receptor antagonist, picrotoxin (50 M, n  10), at a effects of the agonist by applying a Na channel blocker
tetrodotoxin (TTX, 1 M, n  7; Figure 4A2). These find-holding potential of 70 mV.
In the absence of a GABAA receptor blockade, applica- ings in the lateral amygdala are consistent with previous
work in the hippocampus, where bombesin-like neuro-tion of GRP (200 nM) led to a significant increase in the
frequency of sIPSCs in the soma of the principal cells peptides (including GRP) elicited a marked increase in
the frequency of GABAA receptor-mediated IPSCs re-of wild-type mice (baseline: 5.23  0.68 Hz; GRP:
10.12  1.0 Hz; n  17 cells, obtained from 5 control corded in CA1 pyramidal neurons (Lee et al., 1999) medi-
ated by depolarization and induced repetitive firing ofmice; significant difference, paired t test, t  4.99, P 
0.0002; Figures 4A–4C). Therefore, we think that the GABAergic interneurons in the stratum oriens.
Amygdala-Enriched Genes in LTP and Learned Fear
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Figure 3. Expression of the Grpr Gene in the Amygdala
(A) The Grpr gene is expressed by interneurons. Left image, fluorescent in situ hybridization for Grpr RNA. Middle image, immunohistochemistry
for interneuron marker, glutamic acid decarboxylase (GAD). Right image, Grpr and GAD images combined show colocalization of Grpr in a
subset of interneurons. White arrow, example of an interneuron positive both for Grpr and GAD. Black and white arrow, a GAD-positive
interneuron that does not express Grpr. CPu, caudate putamen; Cx, cortex.
(B) Gross anatomy in the amygdala and in the rest of the brain is normal in GRPR knockout mice (Nissl staining).
(C) In situ hybridization showing Grpr expression in the amygdala of wild-type mice (left image). Grpr RNA is absent in the amygdala of GRPR
knockout mice (right image).
We specifically linked the observed effect of the bath- tion of GRP receptors localized on interneurons, we
turned to mice in which the gene for GRPR was knockedapplied GRP to the activation of GRPR. Bath application
of a specific antagonist of GRPR ([D-Phe6 ,Des-Met14]- out. These mutant mice were littermates of the control
mice we have studied to this point. GRPR knockoutbombesin-(6-14)ethyl amide; 3 M; Lee et al., 1999)
blocked the effect of GRP on the frequency of sIPSCs mice do not show any obvious developmental anatomi-
cal abnormalities throughout their body or their brain(Figures 4A1 and 4B1; baseline: 5.15  0.91 Hz; GRP:
10.37  1.2 Hz; antagonist of GRPR: 5.72  1.1 Hz; n  (Hampton et al., 1998 and Figure 3B). Immunohisto-
chemistry on brain sections of these mice with interneu-6 cells). The difference in the frequency of sIPSCs in
the baseline conditions and after the GRPR antagonist ron-specific antibodies (parvalbumin, calretinin, and cal-
bindin) revealed no differences between knockout miceapplication was not statistically significant (paired t test,
t 1.21, P 0.3), suggesting that the bombesin antago- and wild-type controls (data not shown). However, in
situ hybridization revealed that the GABAergic interneu-nist fully abolished the GRP-induced increase in the
frequency of the sIPSCs. rons in the knockout mice were lacking GRPR (Figure
3C). Consistent with these findings, we found in the
mutants that the GRP-mediated negative control of theKnockout of GRPR Eliminates Tonic Inhibition
excitatory synaptic inputs to principal cells in the lateralTo obtain independent evidence that GRP induces en-
hancement of GABAergic tonic inhibition due to activa- nucleus was lacking. In slices from mice in which the
Cell
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Figure 4. GRP Receptors Are Functionally Expressed in Interneurons of the Lateral Nucleus of the Amygdala
(A1) Bath application of GRP (200 nM) increased frequency of sIPSCs in a pyramidal cell from a control mouse. The effect was blocked by 3
M bombesin antagonist (n  6), thus suggesting that the GRP-induced enhancement of GABAergic tonic inhibition was specifically linked
to the activation of the GRP receptors.
(A2) Effect of GRP on the frequency of sIPSCs is TTX-sensitive, and thus is dependent on action potential firing in interneurons.
(A3) GRP failed to increase the frequency of the picrotoxin-sensitive sIPSCs in GRPR knockout mice.
(B1) Representative sIPSCs recorded in a pyramidal cell from a control mouse at a holding potential of 70 mV under baseline conditions
(left), during GRP application (center), and after the GRPR antagonist was added (right).
(B2) Representative sIPSCs recorded in a pyramidal neuron from GRPR knockout mouse under baseline conditions (left), during GRP application
(center), and after picrotoxin was added (right).
(C) Cumulative amplitude histograms of sIPSCs recorded under baseline conditions (filled symbols) and after GRP was applied (open symbols)
in slices from control (left) and GRPR knockout mice.
Grpr gene was ablated, bath-applied GRP failed to in- et al., 2000), indicate that modulation of principal cells
by GABA-mediated inhibition can play an important rolecrease the frequency of sIPSCs (200 nM; baseline:
in the induction of LTP. We therefore asked: does re-5.06  0.58 Hz; GRP: 5.64  0.67 Hz; n  23 cells,
moval of GRPR in the inhibitory interneurons affect LTPobtained from 6 GRPR knockout mice; no significant
in slices of the lateral nucleus of the amygdala?difference: paired t test, t  1.04, P  0.31; Figures 4A3,
We induced LTP of the compound glutamatergic4B2, and 4C). These results suggest that GRP receptors
EPSCs at the cortico-amygdala synapses by pairingare functionally expressed in the lateral nucleus of wild-
postsynaptic depolarization from a holding potentialtype mice and that activation of the GRP receptors on
of 70 mV to 30 mV with 80 presynaptic stimuli deliv-these interneurons was responsible for the dramatic in-
ered to the fibers in the external capsule (Huang andcrease in the level of tonic GABA inhibition observed in
Kandel, 1998; Mahanty and Sah, 1998; Weisskopf andthe principal neurons in the lateral nucleus.
LeDoux, 1999) at a frequency of 2 Hz (Figures 5A–5B).
We measured LTP with the K-gluconate containing in-
LTP in the Cortico-Amygdala Pathway Is trapipette solution, without picrotoxin in the bath (see
Enhanced in GRPR-Knockout Mice Experimental Procedures). Under these experimental
Our recent findings indicate that LTP of the synaptic conditions, the peak amplitude of the evoked EPSC was
connections in the neural circuit of learned fear is an solely determined by activation of the AMPA glutamate
essential cellular mechanism contributing to the acquisi- receptors. The contribution of the GABAA receptor-
tion of memory for fear (Tsvetkov et al. 2002; see also mediated component to the EPSC was negligible at such
McKernan and Shinnick-Gallagher, 1997; Rogan et al., holding potential since it was very close to the reversal
1997). Studies of different brain regions, including the potential (Er) of GABAA IPSC (67  3 mV, n  6; Figure
hippocampus (Steele and Mauk, 1999), the cortex 5C). This induction protocol was used because, as we
have shown previously, it consistently produces robust(Trepel and Racine, 2000), and the amygdala (Rammes
Amygdala-Enriched Genes in LTP and Learned Fear
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Figure 5. Pairing-Induced LTP Is Enhanced in GRPR Knockout Mice
(A) A schematic representation of a brain slice containing the amygdala that shows position of the recording and stimulation pipettes.
(B) LTP of whole-cell EPSCs recorded in the lateral amygdala neuron in response to the cortical input stimulation in slices from control (open
symbols) or GRPR knockout (filled symbols) mice. For induction of LTP, the lateral amygdala neuron was held at 30 mV, and 80 presynaptic
stimuli were delivered at 2 Hz to the external capsule fibers (arrow).
(C) Current-voltage plot of the GABAA receptor IPSCs at holding potentials of 110 mV to 10 mV. Reversal potential of the IPSC mediated
by the GABAA receptors was 71 mV. Synaptic currents were recorded in the presence of the AMPA receptor antagonist CNQX (20 M) and
NMDA receptor antagonist D-APV (50 M). Inset shows GABAA receptor IPSCs recorded at holding potentials of 110 mV to 10 mV. Traces
are averages of 10 IPSCs recorded at each holding potential.
(D) Pairing-induced LTP of whole-cell EPSCs recorded in the lateral amygdala in wild-type mice under control conditions (open symbols) and
in the presence of the bombesin antagonist (3 M, filled symbols).
LTP (Tsvetkov et al., 2002). We have deliberately chosen the Grpr gene disinhibits the pyramidal cells and makes
the cortico-amygdala synapses more susceptible to LTP.to depolarize a postsynaptic cell to a more positive
membrane potential during the induction period, than To obtain independent support for this conclusion,
we measured the pairing-induced LTP in slices fromin some previous studies, to allow a maximal activation
of L-type Ca2 channels (e.g., Mermelstein et al., 2000), wild-type mice in the presence of the bombesin antago-
nist. Under these conditions, LTP also was significantlyas they were shown to take part in the induction process
(Tsvetkov et al., 2002; Weisskopf et al., 1999). Keeping enhanced (Figure 5D, control LTP: 1.42  0.04, n  5
cells; LTP with the antagonist: 1.92  0.05, n  7 cells;Ca2 influx through L-type Ca2 channels at a relatively
constant level, we minimize a possible non-linearity of significant difference, t test, t  8.1, P  0.0001).
the interaction between the NMDA receptor and Ca2
channel-mediated contribution to the integral postsyn- GRPR-Deficient Mice Have Enhanced and Persistent
Long-Term Memory for Fear to Both Auditoryaptic calcium signal, thus maintaining the more uniform
induction conditions. When LTP at the cortical input to and Contextual Cues
We first trained GRPR-deficient mice in Pavlovian cuedthe amygdala was compared (in a blinded fashion) in
slices from control and from GRPR knockout mice, we and contextual fear conditioning, an amygdala-depen-
dent task, which depends on the ability of the animal tofound that LTP was significantly greater in knockout
than in control mice (Figure 5B), with an average LTP learn and remember that auditory cue or context predict
electric shock. During training, the level of overall freez-of the EPSC to 2.02  0.2 (n  12 cells) and 1.33  0.13
(n  9 cells) of the baseline EPSC value, respectively. ing of knockout animals was not significantly different
from wild-type littermate controls. For both groups,The difference in the amount of LTP measured over a
5 min period (between 35 and 40 min after pairing) be- freezing was slightly increased within 30 s immediately
after training (Figure 6A1).tween control and knockout mice was statistically signif-
icant (t test, t  2.96, P  0.01). Thus, the ablation of When tested for amygdala-dependent tone fear con-
Cell
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Figure 6. GRPR-Deficient Mice Have Enhanced and Resistant Long-Term But Not Short-Term Amygdala-Dependent Fear Memory
(A1) Contextual fear conditioning. Significant difference in freezing responses between GRPR knockout mice (n  9, solid bars) and wild-type
(n  9, open bars) mice was found at 24 hr, 2, 7, and 15 weeks after training.
(A2) Cued fear conditioning. In response to the tone (CS), both groups showed an increase in freezing. However, this increase was significantly
higher in GRPR knockout animals, although no difference was found between groups in the level of freezing before the onset of the tone
(pre-CS).
(B1) Contextual and (B2) cued-fear conditioning assessed 30 min or 4 hr after training was normal in GRPR knockout mice. Water maze (C1–4;
wild-type, n  9; knockout, n  9). In this hippocampus-dependent memory task, both groups of mice showed a similar rate of learning as
demonstrating by their equivalent latency (C1) to reach the platform, whether it is during the visible (Day 1 and 2) or hidden platform version
of the task (Day 3–6). They displayed the same swimming speed (C2), and thigmotaxis (% of time spent at the periphery; C3). They also showed
equivalent performance in the probe trial (% of time spent in the different quadrant areas; C4), which assessed the retention of spatially
acquired information necessary to perform this task. GRPR knockout mice are no more sensitive or stressed than wild-type mice (D and E).
Pain sensitivity thresholds (D). The intensity of shock required to elicit three reactions, movement (movt), vocalization (vocal), and jump, was
assessed and data are presented as the mean SEM. No difference was found between groups (wild-type, n  10; knockout, n 8). Elevated
plus maze assessing basal anxiety (E). No difference was found between GRPR (n  18) and wild-type mice (n  16) in the total number of
entries, as in the number of entries in the closed or open arms.
Amygdala-Enriched Genes in LTP and Learned Fear
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ditioning, mice were placed in a new context 24 hr after conducted on the number of entries in the open and
closed arms and on the index of anxiety (time spent/training (Figure 6A2). Mice displayed an increase in freez-
ing at the onset of the tone (CS; cued fear conditioning) entries in the open arms) did not reveal any significant
effect of genotype (Figure 6E). Thus, in the elevated plusas compared to the freezing prior (pre-CS) to the tone
(Session effect, all p  0.01). In addition, the ANOVA maze, the basal level of anxiety was similar in control
and GRPR knockout mice.revealed a significant effect of genotype showing that
GRPR knockout mice froze more than the wild-type mice Another way to assess anxiety in mice is a light-dark
box test (Johansson et al., 2001). In this test, mice tendat the presentation of the tone which had been associ-
ated previously with the electric shock (genotype effect: to avoid the light compartment and naturally prefer the
dark one. Here again, we did not find any difference[F(1,16)  13.30; p  0.002]). Although freezing de-
creased with time in both groups of mice (Session effect; between groups in the number of entries as well as the
total time spent in the lit compartment (data not shown).all p  0.01), GRPR knockout mice produced a higher
response to the tone in subsequent CS cued-testing Thus, as with the elevated plus maze, the results from
the light-dark box test suggest that the basal level ofsessions at 2, 7, and 15 weeks (Genotype effect; all p 
0.05). anxiety in GRPR knockout mice is similar to that of wild-
type mice.Contextual fear conditioning is dependent both on the
amygdala and the hippocampus. Here, mice were tested
in the absence of cue in the same context 24 hr after The GRPR Knockout Mice Show Normal
training. Both mutant and wild-type mice exhibited Hippocampus-Dependent Spatial Memory
higher level of freezing compared to immediately after Because GRP is expressed in the lateral nucleus of the
the shock (Session effect, all p  0.0001, Figure 6A1). amygdala and specifically in its circuitry for learned fear
This suggests that the mutant mice not only remem- and we have found that knockout of GRPR enhances
bered the context where they received the shock the amygdala-based learning, we were curious to know if we
day before, but that they also developed with time a can use GRPR-deficient mice to dissociate amygdala-
strong aversive response to this environment associ- dependent from hippocampus-dependent learning. To
ated with a painful experience. The ANOVA revealed determine whether GRPR is important for a purely hip-
a significant effect of genotype ([F(1,16)  25.07; p  pocampus-based task, we turned to the Morris water
0.0001]) showing that both groups of mice froze differ- maze, a task in which the amygdala is not involved. In
ently in this context, with GRPR knockout mice showing this maze, an animal has to remember the position of a
a higher response as compared to their control lit- hidden escape platform in relationship to distal cues
termates. Although freezing to context decreased in surrounding it in a circular pool (Malleret et al., 1999).
both groups of mice with time (Session effect, all p  During acquisition of the Morris water maze, mice from
0.0001) suggesting similar rate of extinction, the ob- all groups showed a decrease in escape latency (Figure
served increase in freezing in GRPR knockout mice was 6C1) across days, indicating learning of the platform
still present in subsequent testing sessions at 2, 7, and position (all groups, p  0.0001). They also showed a
15 weeks (Genotype effect, all p  0.05). preference for the target quadrant during the probe trial
We also analyzed mutant mice for short-term memory performed on the last day of the experiment (Figure 6C4).
at 30 min and at 4 hr in independent groups. For both We found no differences between groups in this task
time points, there was no significant difference between (no genotype effect), suggesting that the deletion of
mutant and wild-type mice in both contextual and cued the GRPR does not enhance hippocampus-dependent
fear conditioning (Figure 6B). Thus, the enhancement in learning that is independent of the amygdala, which is
learned fear observed in GRPR knockout mice is specific similar to the results of Wada and coworkers (Wada
to long-term but not short-term memory. et al., 1997). These results support the notion that the
To verify that the increase in freezing displayed by amygdala is directly involved in learned fear (Fanselow
GRPR knockout mice in the fear-conditioning experi- and LeDoux, 1999) and that it does not merely modulate,
ment was not due to an increased sensitivity to the emotionally, memories formed in other brain structures
shock, we performed a control experiment in which we like the hippocampus.
administered electric shock of increasing intensity while
recording the behavioral response exhibited by the mice Discussion
(Harrel, 2001). There was no difference between groups
in the intensity of shock required to elicit movement, We have identified, characterized, and localized to a
vocalization, or jump (Figure 6D), indicating that an in- specific inhibitory neural circuit in the lateral nucleus of
crease in freezing observed in the fear conditioning ex- the amygdala a molecular signaling network important
periments was due to the learning process and not to for learned fear. When this inhibitory molecular network
a difference in pain sensitivity. is disrupted, mice show increased LTP in the lateral
nucleus of the amygdala and an enhanced memory of
learned fear as evident in both cued and contextual fearThe Enhanced and Persistent Fear Is Learned
and Not Secondary to Chronic Anxiety conditioning. There is a normal memory for hippocam-
pus-based spatial task indicating that this network isTo explore further these mice’s tendency for innate (not
learned) fear, we used the elevated plus maze where specifically involved in the regulation of memory forma-
tion in the amygdala in response to danger signals.mice face a conflict between an innate aversion to the
open arms of the maze and the motivation to explore There also is no alteration in innate fear.
Experiments in humans and in experimental animalsthis compartment (Ramboz et al., 1998). The ANOVA
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over the last half a century indicate that the amygdala ingly, zinc-containing glutamatergic neurons constitute
is involved in learned fear (Davis and Whalen, 2001; a specific network circuitry that includes the lateral nu-
LeDoux, 2000). In the past 50 years, we have learned cleus of the amygdala and other components of the
a fair amount about the anatomy and cell physiology limbic system (reviewed in Frederickson et al., 2000).
underlying amygdala-based fear. For example, recent We next found, as did Lee and colleagues (1999), that
experiments have demonstrated that the mechanisms GRPR is expressed in GABAergic interneurons. We also
of LTP are recruited behaviorally at the synapses in found that GRPR activation can significantly enhance
the lateral nucleus of the amygdala during training for the level of tonic GABA-mediated inhibition in the lateral
learned fear (Rogan et al., 1997; McKernan and Shinnick- nucleus. Recent pharmacological and genetic studies
Gallagher, 1997; Tsvetkov et al., 2002), thus providing have shown that the establishment of a balance between
direct support for the link between LTP and memory glutamatergic excitatory and GABAergic inhibitory func-
storage. By contrast, very little is known about the mo- tions is critical for processing of information in the amyg-
lecular mechanisms contributing to this form of fear. dala (Bast et al., 2001; Krezel et al., 2001). Based on
This is unfortunate because the neuronal pathways car- these published data and our results, we suggest a
rying sensory information for unimodal learned fear (the model of GRP action in the amygdala during fear re-
information carried by the CS) is much better specified sponse; during excitation, the glutamatergic principal
than that for the sensory information for spatial learning cells may release as a cotransmitter the excitatory pep-
as is the correlation between LTP and memory storage. tide, GRP. Through the binding to GRPR on interneu-
We therefore have isolated amygdala-enriched genes rons, GRP leads to GABA release. This may provide
and then, using mouse genetics in combination with tonic, feedforward, or feedback inhibitory control of the
physiological and behavioral approaches studied the processing of CS stimuli by principal cells (Figure 7, left
role of these genes in the memory for fear. Initially, we image). Thus, this molecular signaling pathway provides
isolated two genes expressed in a glutamatergic princi- a control which can regulate the balance between excit-
pal neuron of the lateral nucleus of the amygdala. The atory and inhibitory circuitries in the amygdala.
first of these genes, Op18/Stathmin, is highly expressed
both in the lateral nucleus of the amygdala and in the GRPR-Deficient Mice Show Both Enhanced LTP
cerebral cortex with very little expression in the hippo- and Enhanced Memory Storage in Amygdala-
campus. Op18/Stathmin is a phosphoprotein that binds Dependent Tasks
tubulin dimers and destabilizes cellular microtubules To test this model, we next examined the pyramidal
(Belmont and Mitchison, 1996). It is a major substrate neurons in the lateral nucleus of the amygdala of GRPR
for protein kinase A and upon phosphorylation releases knockout animals and found that indeed they lack an
tubulin thus allowing polymerization of tubulin mole- inhibitory control normally provided by GRP in wild-type
cules. Op18/Stathmin mRNA levels are increased after conditions (Figure 7, right image). As a result of lacking
lesions to the perforant pathway of the hippocampus, inhibition, there is an enhanced LTP in the cortico-amyg-
which together with the biochemical role of Op18/Stath- dala pathway. In agreement with our genetic finding,
min protein suggests its involvement in synaptogenesis
previous pharmacological work has demonstrated that
(Brauer et al., 2001).
modulation of the level of GABA-mediated inhibition of
The second gene, Grp, is uniquely localized in the
the principal cells in the amygdala may determine how
lateral and accessory basal nuclei of the amygdala and
easily LTP is induced at the amygdala synapses (Krezelin regions that send projections to it and which are
et al., 2001; Rammes et al., 2000).essential for delivering information about CS to the
Consistent with an enhancement of LTP, these ani-amygdala during Pavlovian fear conditioning (LeDoux,
mals also show enhanced freezing in both cued and2000). In particular, our analysis showed that the Grp
contextual versions of amygdala-dependent fear condi-gene is expressed both in the areas specific to pathways
tioning task. Throughout all time points tested (the lat-delivering tone CS information and in the areas specific
est—15 weeks after training), mutant mice had higherto pathways delivering contextual CS information. GRP
freezing than normal mice. This may be due to fasteris a 29 amino acid long mammalian homolog of the
fear memory retrieval in mutant mice because duringamphibian peptide bombesin (Kroog et al., 1995) and
testing mutants started freezing right after the tone wasmay serve as a cotransmitter with glutamate in pyrami-
turned on but wild-types froze a few seconds later. Thedal neurons in the rodent brain (Lee et al., 1999 and our
fading over time of the phenotype of GRPR knockoutpresent data). Our observation of the Grp gene expres-
mice for fear conditioning might reflect the contributionsion pattern specific to the fear network of the amygdala
of shock-induced sensitization in addition to the en-finds support in the report that GRP concentration was
hancement in learning. In contrast to long-term effects,increased in the central nucleus of the rat amygdala
we found that mutant mice have normal short-termduring both stress and feeding (Merali et al., 1998).
memory when tested at 30 min and even 4 hr afterGRPR is a Gq protein-coupled receptor and its down-
training. This finding suggests the interesting possibilitystream targets include protein kinase C (PKC-	) and
that GRP/GRPR signaling pathway modulates learnedphospholipase C as shown both in cultured mouse fibro-
fear in a long-term specific manner and thus providesblasts and rat hippocampal neurons (Hellmich et al.,
further support to the notion that LTP is implicated in the1999; Lee et al., 1999). GRPR activation by GRP binding
mechanisms of long-term memory. Importantly, GRPR-leads to intracellular release of Ca2 and eventually to
deficient mice showed normal memory in the Morristhe activation of the MAPK pathway (Sharif et al., 1997).
water maze, which is dependent on the hippocampusWe found that GRP is expressed in a group of gluta-
matergic principal neurons enriched in zinc. Interest- but not the amygdala. This finding is again consistent
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Figure 7. A Model for GRP-Dependent Negative Feedback to Principal Neurons in the Amygdala in Wild-Type and GRPR Knockout Mice
with fear circuitry-specific expression pattern of the Grp the 15q11-q13, a region where the GABRB3 gene is
located, which codes for the 	3 subunit of the -amino-gene and allowed us to dissociate amygdala-based be-
havior from hippocampus-based behavior. Thus, we butyric acid (GABA)A receptor (Cook et al., 1998). More-
over, recent behavioral, anatomical, and neuroimagingidentified a network that is specifically involved in amyg-
dala-dependent long-term memories for fear. studies suggest that one of the critical loci for autism
resides in the amygdala (Baron-Cohen et al., 2000).
Taken altogether, these observations demonstrateA Possible Role of GRP Pathway
the importance of determining molecular substrates ofin Mental Disorders
amygdala-dependent memory processes and identifyThe analysis of mice with decreased GABA function may
the components of GRP/GRPR molecular network as ahave important clinical implications. Decreased levels
clear target for potential treatment of anxiety disorders.of GABA have consistently been found in patients with
depression, panic, and generalized anxiety disorders
Experimental Procedures
(Goddard et al., 2001) and some of the drugs currently
used to treat panic and generalized anxiety disorders Animals
GRPR knockout mice were described before and were found grosslyincrease levels of GABA in the brain (Parent et al., 2002).
normal (Hampton et al., 1998). Mice used for the study were back-We did not find any abnormalities in basal or in innate
crossed to N10 or more to C57BL/6J strain.anxiety of GRPR knockout mice probably because we
did not disrupt directly the biochemical machinery in-
Differential Screening and In Situvolved in the GABA production and utilization. Rather,
Hybridization/Immunohistochemistry
we interfered with the GABA functions by disrupting a Differential Screening
network that regulates GABA release. The reduction in Amygdala cells were acutely dissociated as described (Yu and Shin-
nick-Gallagher, 1997). Cells morphologically resembling pyramidalGABA release in mutant mice seems to fine-tune the
neurons were identified under low magnification Nikon microscopememory storage system so as to improve memory stor-
and individually transferred to PCR tubes containing lysis buffer.age for fear. Perhaps, greater depleting GABA would
cDNA libraries were synthesized as described (Dulac and Axel,lead to the opposite effects; it might decrease memory
1995). Five thousand clones were differentially screened with the
storage for fear and lead to high levels of anxiety similar amygdala and CA1 single cell cDNA probes. Amygdala probes for
to that described in mice mutant for GABA receptors the differential screening were enriched by two rounds of subtrac-
tion of representational difference analysis (Hubank and Schatz,(Low et al., 2000; McKernan et al., 2000). Since of all
1994) against the CA1 cDNA.mental disorders anxiety disorders are those that can
In Situ Hybridization/Immunohistochemistrybest be modeled in mice and other experimental animals
Coronal sections from fresh-frozen mouse brains were cut 20 m(Bachevalier et al., 2001), it is likely that molecular in-
thick and hybridized according to the published protocol with modi-
sights in the biology of fear will prove to be broadly fications (Schaeren-Wiemers and Gerfin-Moser, 1993). For dual fluo-
informative reagarding the genes important both for nor- rescent in situ hybridization and immunohistochemistry, digoxi-
genin-labeled RNA was first detected using tyramide-based TSAmal human fear and for anxiety states.
Direct Fluorescein Kit (Perkin Elmer). Then, sections were incubatedIndeed, recent studies have suggested the possible
with rabbit antibody recognizing glutamic acid decarboxylaseinvolvement of GRP and GRPR in mental disorders.
(Chemicon) and detected using Cy3-conjugated donkey anti-rabbitGRPR is a candidate gene for autism; an X;8 transloca-
IgG (Jackson ImmunoResearch).
tion has been found that disrupted the first intron of the
GRPR gene in an autistic female patient (Ishikawa-Brush Electrophysiology
et al., 1997). Importantly, genetic studies in autistic pa- Amygdala slices (250–300 m) were prepared from 3–5 week old
control and GRPR knockout mice (littermates) with a vibratome.tients have pinpointed chromosomal abnormalities in
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Slices were continuously superfused in solution containing (in mM): determined for each mouse by delivering a 1 s shock every 30 s
starting at 0.08 mA and increasing the shock 0.02 mA each time.119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.0 MgSO4, 1.25 NaH2PO4, 26.0 NaHCO3,
10 glucose, and equilibrated with 95% O2 and 5% CO2 [pH 7.3–7.4] Testing was stopped after all behaviors had been noted.
Anxiety Testsat room temperature. Whole-cell recordings of evoked compound
EPSCs or spontaneous GABA-mediated IPSCs were obtained from We performed two different tasks to assess basal anxiety level in
naı¨ve mice.pyramidal cells in the lateral amygdala under visual guidance (DIC/
infrared optics) with an EPC-9 amplifier and Pulse v8.09 software Elevated Plus Maze
The elevated plus maze consisted of a center platform and four(HEKA Elektronik). Compound EPSCs were evoked by stimulation
of the fibers in the external capsule at 0.05 Hz with a concentric arms placed 50 cm above the floor (Ramboz et al., 1998). Two arms
were enclosed within walls and the other two (open) had low rims.stimulating electrode consisting of a patch pipette (10m tip diame-
ter) that was coated with silver paint (Bolshakov et al., 1997). The Naı¨ve mice (wild-type, n  18; knockout, n  16) were placed in the
center and their behavior was recorded for 5 min with a cameratwo leads of the stimulus isolation unit (ISO-Flex, Master-8 stimula-
tor, AMPI, Jerusalem, Israel) were connected to the inside of the located above the maze. Time spent (in seconds, s) and entries in
the different compartments (closed and open arms, center) werepipette and the external silver coat. The stimulating pipette was
positioned to activate the cortical input to the lateral amygdala. To assessed.
Dark-Light Boxelicit the evoked GABAA IPSCs in the presence of CNQX (20 M)
and D-APV (50M) in the bath, the stimulation electrode was placed For the dark-light box test, mice (wild-type, n  10; knockout, n 
9) were placed in the dark compartment (head facing the wall) andwithin the lateral nucleus of the amygdala. The patch electrodes
(3–5 M
 resistance) contained (in mM): 120 KCl, 5 NaCl, 1 MgCl2, observed for 5 min (Johansson et al., 2001). Time spent in and
entries into the lit compartment were recorded.0.2 EGTA, 10 HEPES, 2 MgATP, and 0.1 NaGTP (adjusted to pH 7.2
with KOH). In LTP experiments, 120 mM K-gluconate was used Water Maze
The task was performed as previously described (Malleret et al.,instead of KCl. To examine the voltage dependence of the evoked
GABAA receptor IPSCs, cesium was substituted for potassium in 1999) with two training phases: 2 days with a visible platform fol-
lowed by 4 days (spatial phase) with a hidden platform in the trainingthe pipette solution. Series resistance was monitored throughout
experiment and was in a range of 10–20 M
. Currents were filtered quadrant (wild-type, n  9; knockout, n  9). For each phase, four
trials, 120 s maximum and 15 min ITI (inter-trial interval) were givenat 1 kHz and digitized at 5 kHz. The holding potential was70 mV. In
all LTP experiments, the stimulus intensity was adjusted to produce daily. Probe trials (60 s), during which the platform was removed,
were performed to assess retention of the previously acquired infor-synaptic responses with an amplitude which constitutes 20%–
25% of maximum amplitude EPSC. Since we controlled for the size mation.
of the baseline EPSC, the induction conditions were identical for
both LTP groups (control and knockout mice). The EPSC amplitudes Acknowledgments
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